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Schizosaccharomyces pombe mitochondriaThe alternative oxidase (AOX) is a non-protonmotive ubiquinol oxidase that is found in mitochondria of all
higher plants studied to date. To investigate the role of highly conserved amino acid residues in catalysis we
have expressed site-directed mutants of Cys-172, Thr-179, Trp-206, Tyr-253, and Tyr-299 in AOX in the yeast
Schizosaccharomyces pombe. Assessment of AOX activity in isolated yeast mitochondria reveals that
mutagenesis of Trp-206 to phenylalanine or tyrosine abolishes activity, in contrast to that observed with
either Tyr-253 or 299 both mutants of which retained activity. None of the mutants exhibited sensitivity to
Q-like inhibitors that differed signiﬁcantly from the wild type AOX. Interestingly, however, mutagenesis of
Thr-179 or Cys-172 (a residue implicated in AOX regulation by α-keto acids) to alanine not only resulted in a
decrease of maximum AOX activity but also caused a signiﬁcant increase in the enzyme's afﬁnity for oxygen
(4- and 2-fold, respectively). These results provide important new insights in the mechanism of AOX
catalysis and regulation by pyruvate.octyl gallate; SHAM, salicylic
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.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
In addition to the conventional cytochrome c oxidase, plant mito-
chondria contain a non-protonmotive alternative oxidase (AOX) that
couples the oxidation of ubiquinol directly to the reduction of
molecular oxygen. In thermogenic plants, AOX is responsible for
heat generation, whilst in non-thermogenic species, the oxidase is
thought to play a more fundamental role in the regulation of energy
metabolism. AOX may be involved in facilitating TCA cycle turnover,
protection against oxidative stress, and preservation of plant growth
homeostasis (see [1,2] for review). AOX proteins are not restricted to
plants, but also occur in many fungi [3] as well as several pathogenic
organisms including the blood parasite Trypanosoma brucei [4] and
the intestinal parasite Cryptosporidium parvum [5]. Because of their
absence in the mammalian host, AOX proteins are potential thera-
peutic targets in these systems.
To date, no high-resolution AOX structure has been determined
although diffracting crystals from the trypanosomal alternative
oxidase at a resolution greater than 3.0 A have recently been obtained
[6]. The current structural model predicts that AOX is an integral
(∼32 kDa) interfacial membrane protein that interacts with a single
leaﬂet of the lipid bilayer, and contains a non-haem diiron carboxylateactive site [1,7,8]. This model is supported by extensive site-directed
mutagenesis studies [9–12]. Moreover, EPR spectroscopic experi-
ments have conﬁrmed the presence of a binuclear iron centre [13,14].
Plant AOXproteins are regulatedby two interrelated features. Firstly,
thiol-modulation determines whether AOX dimers are covalently or
non-covalently associated [15], and secondly, activity of reduced dimers
can be stimulated by α-keto acids, particularly pyruvate [16]. Site-
directed mutagenesis studies have implicated two conserved cysteine
residues (CysI and CysII) in this regulation [17–20]. CysI is required for
the formation of covalent dimers, whilst both CysI and CysII have been
reported to inﬂuenceα-keto acid activation [17–20]. Ligand interaction
with either of these cysteines is proposed to induce protein conforma-
tional changes that in turn affect the diiron active site [19,20]. Recently,
however, we have demonstrated that the Sauromatum guttatum AOX is
not regulated by pyruvate, despite the conservation of CysI and CysII.
This ﬁnding implies that features additional to these cysteine residues
are involved in pyruvate regulation [21].
Until recently information on the mechanism of AOX catalysis was
sparce [22,23], which is most likely due to the difﬁculties associated
with obtaining sufﬁcient amounts of both native and recombinant
AOX proteins that would allow detailed biochemical and biophysical
studies. Certain amino acids, however, have been implicated in Q-
binding [7,24], because of their inﬂuence on the sensitivity of AOX to
salicylic hydroxamic acid (SHAM), a quinone-like antagonist.
Previously, we have expressed a series of site-directed mutants
of the S. guttatum AOX in the yeast Schizosaccharomyces pombe
[10,11,25]. Whilst some of these mutants have provided important
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topology, others have provided clues on the mechanism of AOX
catalysis. The AOX reaction cycle may involve amino acid radicals that
facilitate electron transfer (see [22,23]), yet there are only a few fully
conserved residues that could perform such a role (Tyr-253, Tyr-275
and Trp-206). Of the two tyrosine residues, we have previously
demonstrated that only the hydroxylmoiety of Tyr-275 is essential for
AOX activity and therefore likely to be of catalytic importance [10].
In this study, we report on the activity of several novel site-
directed mutants of the S. guttatum AOX in isolated yeast mitochon-
dria. We ﬁnd that mutagenesis of Trp-206 to phenylalanine or
tyrosine fully abolishes AOX activity in contrast to that observed with
either Tyr-253 or 299 both of which retained activity. Of our mutants
that retain measurable activity, none appear to inﬂuence AOX sen-
sitivity to Q-like inhibitors, however, the mutation of Thr-179 or Cys-
172 to alanine results in a signiﬁcant increase in the apparent afﬁnity
of AOX for O2.
2. Materials and methods
2.1. Strains
The S. pombe strain used was Sp.011 (ade6–704, leu1–32, ura4–
D18, h−). The E. coli strains JM101 and JM110 were used for
ampliﬁcation of plasmids, NM522was used for preparation of single-
stranded DNA for sequencing and CJ236 was used for dut− ung−
mutagenesis. Single-stranded DNA was produced by infection of
bacteria with M13KO7 helper phage.
2.2. Site-directed mutagenesis and plasmid construction
Construction of pREP1-AOX, pREP1-Y253F, and pREP1-C172A
(used to express the wild type S. guttatum AOX, and Y253F and
C172A mutants, respectively) has been described previously [10,25].
pSLA-250 [10] containing a 250 bp fragment of the AOX cDNA was
used in the conversion of Thr-179 to alanine (GCC) using dut− ung−
mutagenesis based on the method of Kunkel et al. [26]. This resulted
in the gain of the recognition site for BglI. Mutagenesis of Trp-206 and
Tyr-299 was performed using plasmid pSLM-AO [25]. Trp-206 was
converted to phenylalanine (TTC) and tyrosine (TAC) resulting in the
loss of a recognition site for the restriction enzyme site DpnI. Tyr-299
was converted to phenylalanine (TTC) resulting in the loss of a
recognition site for the restriction enzyme site BsrI. The T179A,
W206F and W206Y mutations were excised on NcoI–ApaI fragments
and inserted into NcoI–ApaI digested pSLM-AOR [10]. The Y299F
mutation was excised on a BstXI–EcoRV fragment and inserted into
BstXI–SmaI digested pSLM-AOR [10]. Each full lengthmutant AOXwas
excised on a BspHI–BamHI fragment and ligated to the yeast
expression vector pREP1/N (a modiﬁed version of pREP1 [27] in
which the NdeI site was replaced with NcoI) which had been digested
with NcoI and BamHI, yielding pREP1-T179A, pREP1-W206F, pREP1-
W206Y and pREP1-Y299F.
2.3. General molecular biology procedures
Oligonucleotides were obtained from MWG Biotech. Mutations
were originally identiﬁed by restriction analysis and conﬁrmed by
sequencing. Mutant fragments were also sequenced to check for
spurious mutations. S. pombe cells were transformed using a modiﬁed
lithium acetate procedure based on the method of Okazaki et al. [28].
Other procedures were as described by Sambrook et al. [29].
2.4. Cell growth and mitochondrial isolation
Transformed S. pombe cells were batch-cultured in glucose minimal
medium [30] supplemented with 0.4 mM adenine and 0.7 mM uracil.Cellswere grown in the absenceof thiamine to promoteAOXexpression
under the control of the nmt promoter [27]. Mitochondria were isolated
using the method of [31] with the modiﬁcations described in [21].
Mitochondrial protein concentrations were determined using bicinch-
oninic acid with BSA as a standard [32].
2.5. Oxygen uptake
Respiratory activity was measured with a Clark-type electrode
(Rank Brothers, Cambridge, U.K.) using 0.5 to 3 mg mitochondria
suspended in 2.4 mL air-saturated reaction medium (250 µM at 25 °C
[33]) containing 0.65 M mannitol, 20 mM MOPS/NaOH (pH 6.8),
1 mM MgCl2, 5 mM Na2HPO4 and 10 mM NaCl.
2.6. Oxygen afﬁnity
O2 levels were recorded continuously, in the presence of antimycin,
until anaerobiosis occurred. The derivative with respect to time of these
O2 traces was calculated with Chart software (ADInstruments) using
a window of 16.5 s (11 data points), which allowed expression of
O2 uptake rates as a function of the corresponding O2 levels. These
rate-dependencies were modelled using Kaleidagraph software
(Synergy) to determine O2 afﬁnities (correlation coefﬁcients≥0.97).
Estimations of AOX's afﬁnity for O2 from mitochondrial respiratory
traces are subject to potential pitfalls, as respiratory activity is not
necessarily controlled exclusively by AOX activity, but also by that of
substrate dehydrogenases [34]. We have shown previously, howev-
er, that AOX exerts nearly 95% of total ﬂux control over antimycin A-
resistant NADH oxidation in isolated S. pombe mitochondria [34].
During such activity the endogenous Q-pool is over 95% reduced
[35]. Using both succinate and NADH as substrates, Q-reducing
capacity is further increased ensuring ﬂux control will almost cer-
tainly fully reside with AOX. When respiration is limited by oxygen,
this will therefore be the direct result of the kinetic characteristics of
AOX.
3. Results
Fig. 1 shows representative oxygen uptake traces for S. pombe
mitochondria isolated from cells expressing either wild type or
mutant AOX proteins. In all cases, mitochondrial oxidation of NADH
can be stimulated 2- to 4-fold by the uncoupling agent CCCP,
indicating that mitochondria generate a membrane potential and
hence are relatively intact. As demonstrated in previous studies
[10,21], yeast mitochondria containing the wild type S. guttatum AOX
exhibit an antimycin A-insensitive respiratory activity of ∼63 nmol O2
min−1 mg−1 that is fully sensitive to the AOX inhibitor octyl gallate
(Fig. 1A). Mitochondria from cells expressing a mutant in which a
highly conserved threonine, Thr-179, is mutated to alanine also
exhibit an antimycin A-insensitive rate, albeit to a lesser degree
(∼22 nmol O2 min−1 mg−1, Fig. 1B). In contrast, mitochondria from
cells expressing AOX proteins in which Trp-206 is mutated to
phenylalanine or tyrosine exhibit oxygen uptake that is fully sensitive
to antimycin A (Figs. 1C and D, respectively). In each case, the lowered
antimycin A-insensitive activity is not due to altered AOX protein
levels as Western analysis indicates that all of the AOX proteins are
expressed to similar levels in yeast mitochondria and are present
predominantly in the reduced 32 kDa form (data not shown). These
results, therefore, indicate that W206F and W206Y are inactive
mutants whereas the T179A is partially active.
Table 1 shows the respiratory activity dependent uponvarious active
or partially active AOXmutants during the combined oxidationof NADH
and succinate by yeast mitochondria. Antimycin A-resistant O2-uptake
rates associated with the wild type AOX are similar to those observed
during oxidation of NADH alone ( ∼50 nmol O2 min−1 mg−1, Fig. 1A).
This demonstrates that the antimycin A-insensitive respiratory activity
Fig. 1. Typical oxygen uptake activity in S. pombemitochondria containing wild type or mutant AOX proteins.Mitochondria were prepared from cells expressing either the wild type
AOX (A) or mutant AOX proteins (B–D), as indicated. Where shown the following were added: 2 mM NADH, 1 µM CCCP, 2 µM antimycin A or 2.5 µM octyl gallate. Numbers refer to
oxygen consumption rates (nmol O2 min−1 mg−1 protein) and are representative traces obtained from at least 3 independent mitochondrial isolations for each AOX variant.
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fully controlled by AOX (see also Section 2), in agreement with our
previous ﬁndings with this respiratory system [34,35]. Although all of
the mutants exhibited respiratory rates that appear somewhat lower
than that of thewild type, only Y299F and T179A are signiﬁcantly lowerTable 1
AOX activity, O2 afﬁnity, and inhibitor-sensitivity of AOXmutants expressed in S. pombe
mitochondria.
Rate Km(O2) Inhibitor i0.5 (µM)
(nmol O2 min−1 mg−1) (µM) OG SHAM
AOXwt 50±7 18.0±0.9 0.09±0.02 15±4
Y253F 33±5 20.5±1.3 0.10±0.01 20±3
Y299F 22±3* 17.0±4.0 0.07±0.01 18±6
C172A 33±4 9.2±0.7 * 0.08±0.02 19±4
T179A 20±2 * 4.6±0.5 * 0.08±0.00 12±5
Antimycin A-insensitive (2 µM) O2-consumption fuelled by 2 mM NADH and 9 mM
succinate (in the presence of 0.2 mM ATP and 9 mM glutamate) was measured in S.
pombemitochondria expressing wild type or mutant AOX protein, and apparent oxygen
afﬁnities [Km(O2)] were determined as described in Section 2. Data are averages±S.E.
M. of 5 separate mitochondrial preparations. Sensitivity to quinone-type inhibitors was
measured by titrating respiratory activity with OG or SHAM; in all cases, residual
respiration was less than 3 and 4 nmol O2 min−1 mg−1, respectively. The obtained
dose-dependencies were modelled assuming hyperbolic saturation kinetics
(correlation coefﬁcients were always≥0.97) to calculate concentrations required for
half-maximal inhibition (i0.5). Data are averages±S. E. M. of 2 to 4 separate
mitochondrial samples. Asterices indicate a signiﬁcant difference (pb0.05) from wild
type, demonstrated by Student t-tests assuming equal variance.(∼ 60%, Table 1). The activity of none of the mutants is stimulated by
pyruvate (data not shown) indicating that they are not regulated by α-
keto acids, as is indeed the case for the wild type S. guttatum AOX [21].
Fig. 2 shows typical O2-dependencies of AOX activity. The Eadie–
Hoffstee relations derived from these results are linear (Fig. 2, insets),
which suggests strongly that both wild type andmutant AOX proteins
exhibit simple Michaelis–Menten kinetics with respect to O2. Average
O2 afﬁnities calculated from 5 independent experiments are listed as
apparent Km(O2) values in Table 1. The apparent Km(O2) of wild type
AOX, the Y253F and Y299F mutants are roughly 20 µM, which is
comparable to values found with soybean and mungbean mitochon-
dria [36]. Interestingly, the O2 afﬁnity of the T179A mutant is
approximately 4-fold higher than that of the wild-type enzyme. This
difference is also observed with the C172A AOX, but is less
pronounced as the apparent Km(O2) of this mutant is roughly half
the wild type's (Table 1). The striking effect of both mutations is
visualised nicely by the Eadie–Hoffstee plots shown in Fig. 2 (insets).
Mutation of Thr-179 and Cys-172 to alanine has not altered the
reaction stoichiometry of AOX (95 nmol NADH per 46±2 nmol O2),
which remains consistent with a complete 4-electron reduction of O2
to water. Equally, it is unlikely that these mutations have affected the
interaction of AOX with its reducing substrate (QH2), since the
sensitivity to quinone-like AOX antagonists remains the same
(Table 1). This is also the case for the Y253F and Y299F mutants,
which in itself is of interest, since Tyr-253 at least has been implicated
in Q-binding [1,8].
Fig. 2. O2 afﬁnities of wild type and mutant AOX. O2 consumption was recorded
continuously acquiring 40 data per minute; (for clarity, even distributions of only 50
data points are shown). Data were modelled assuming Michaelis–Menten kinetics to
calculate O2 afﬁnities; typical experiments are shown, and averaged apparent Km(O2)
values of 5 independent mitochondrial preparations are given in Table 1. Insets: Eadie–
Hoffstee representation of the respective data sets, ﬁtted with linear expressions,
conﬁrming Michaelis–Menten behaviour with respect to O2. Data at low O2 (below
2.5 µM) were omitted as error in V/O2 tends to inﬁnity when O2 approaches zero. The
modelled wild type relation is shown in all inset ﬁgures to facilitate comparison.
Fig. 3. Schematic representation of AOX structure. Blocks represent the four-helix
bundle and membrane binding region predicted to occur in the C-terminal part of the
protein [6]. The ﬁlled circles represent the proposed non-haem diiron centre and
dashed lines indicate unmodelled regions. The approximate position of relevant amino
acid residues is indicated (S. guttatum numbering).
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In this paper we have investigated the behaviour of several site-
speciﬁc AOX mutants in a mitochondrial environment where AOX is
exposed to its natural substrates. Consequently, we have identiﬁed
amino acid residues that are likely to play important roles in catalysis,
including two residues that inﬂuence the apparent afﬁnity of AOX for
oxygen.Trp-206 is fully conserved across all plant and fungal AOX sequences
[3] and, along with Tyr-275, has been proposed to facilitate electron
transfer in hypothetical reaction schemes (see [22,23] for details). Other
than residues believed to coordinate the diiron centre, we and others
have previously demonstrated that Tyr-275, when mutated to phenyl-
alanine, is the only residue that has been shown to be essential for AOX
activity [9,10,37]. We show here that although mutation of either Tyr-
253 or Tyr-299 results in some loss of activity neither of these residues
appear critical for AOX activity and hence are unlikely to play a
signiﬁcant role in the catalytic cycle. Replacement of Trp-206 with
phenylalanine or tyrosine however, completely abolishes AOX activity
(Fig. 1), suggesting that Trp-206, like Tyr-275, is also important for AOX
functioning. Close scrutiny of PTOX sequences, however, reveals that
this tryptophan residue is not conserved in the plastid sequence [38]
and more recently also appears absent from microsoporidia AOX
sequences [39]. Since the AOX protein has been demonstrated to be
functional (i.e. reduces oxygen through to water) in both plastids and
microsporidia these results suggest that the function of Try-206 in
mitochondrial AOX is not in the catalytic cycle but may well be
structural possibly helping to anchor the protein to the inner surface of
the inner membrane as appears to be the case with other monotopic
proteins [40]. If this is indeed the case then its absence inmicrosporidia
and the plastid AOX sequences, would indicate that the AOX protein in
these organisms potentially interacts with the membrane in a different
manner to that observed in mitochondria.
Mutagenesis of Thr-179 or Cys-172 to alanine decreases the
apparent Km(O2) and maximum activity of AOX (Table 1). This increase
in apparent O2 afﬁnity implies a steady state rise of total AOX-bound
oxygen, which cannot result from an increase in initial O2-association
alone as we would not have observed inhibited enzyme turnover (i.e.
the true dissociation constant of an initial enzyme–substrate complex,
Ks, has not necessarily changed, cf. [41]). Our data suggest that the
T179A and C172A mutations have altered the way in which the
enzyme's catalytic cycle is controlled, and because maximum activity is
decreased, they predict an increase in the steady state level of at least
one O2-derived AOX intermediate (cf. [41]).
Thr-179 is adjacent to Glu-178, one of several glutamate residues
believed to coordinate AOX's diiron centre [7]. Given its likely
proximity to the active site, it is conceivable that Thr-179 is directly
involved in catalysis. However, mutation of Thr-179 induces a similar
change in oxygen afﬁnity to mutation of Cys-172, a residue more
remote from the putative binuclear centre than Thr-179 (by two full
helix turns in the current AOX model, Fig. 3). This would suggest that
the inﬂuence of both Thr-179 and Cys-172 on AOX catalysis is indirect
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that affect iron-ligating residues such as Glu-178 (Fig. 3). In this
respect, it is worth noting that mutation of the Glu-178 equivalent in
the R2 protein of ribonucleotide reductase causes accumulation of a
peroxo-diiron intermediate [42]. Such a species is part of the catalytic
cycle of several other diiron proteins (reviewed in [8]) and has indeed
been proposed as a possible AOX reaction intermediate [8,22].
Cys-172 is one of the two conserved cysteine residues (CysII) that
have been implicated in regulation of the plant AOX by pyruvate and
otherα-keto acids. When CysII is mutated to alanine, a signiﬁcant part
of the Arabidopsis thaliana AOX1a activity is rendered independent
from pyruvate [17,18,20]. We have demonstrated previously that the
S. guttatum AOX is constitutively active and insensitive to added
pyruvate, similar to several AOX proteins from non-plant species
(e.g. trypanosomes [4]). Yet, unlike non-plant AOX proteins, the
S. guttatum AOX shares high amino acid sequence homology with
pyruvate-dependent proteins, including the conservation of CysI and
CysII [21]. Mutation of CysII to alanine does not alter the response of
the S. guttatum AOX to pyruvate (see Section 3) suggesting that the
structural features that account for the unusual behaviour of this
isozyme [21] appear to override the effects of mutation at CysII. We
ﬁnd that this mutation has an exclusive effect on AOX's apparent
afﬁnity for O2 (Fig. 2 and Table 1), which suggests that activation of
other AOX proteins by α-keto acids may affect the way these proteins
react with O2 (rather than Q, as has been proposed [43]). This notion is
supported by the observation that certain Arabidopsis AOX1a proteins,
mutated at CysI, discriminate differently between O2 isotopes
compared to the wild type [19], which may indeed reﬂect a change
in O2 afﬁnity [44].
α-keto acids are believed to interact primarily with AOX enzymes
through CysI, which is located in the protein's N-terminal region
(Fig. 3), and have been suggested to inﬂuence the active site indirectly
through conformational changes [44]. This could occur by perturba-
tion of the putative CysII- and Thr-179-containing helix (Fig. 3).
Accordingly, and contrary to previous suggestions [20], we propose
that CysII may not be involved in pyruvate binding per se, but that
mutagenesis of this residue affects communication of distal pyruvate
activation (i.e. at CysI) to the active site.
Mechanistic information on AOX enzymes is scarce. With this
paper we have provided important clues as to structural features that
are of importance in AOX catalysis and regulation. Such insights are
particularly useful in light of the steadily increasing interest in AOX
proteins as potential therapeutic targets.
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